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Abstract—This paper presents the development, implementa-
tion and veriﬁcation of a ﬂight control system for the automated
landing of an intelligent unmanned aerial vehicle (UAV) in
crosswind conditions.
There is an increasing number of commercial opportunities
for UAVs in business, agriculture, industry and mining, the
emergency services and security services. The major barrier to
commercialisation of UAVs is the certiﬁcation process, where
automated take-off and landing is a key feature required.
The automated landing system presented in this paper uses a
longitudinal control system based on the total energy control
system (TECS), and a lateral control system that combines
a heading and guidance controller with a cross-track error
controller. A software state machine is used to advance the ﬂight
control system through the different stages of the automated
landing. The TECS architecture allows the airspeed and ﬂight
path angle to be decoupled, while the Cross-Track Controller
uses a limited integrator to drive the cross-track error to zero
in the presence of crosswind.
The automated landing system is implemented on a UAV with
an on-board computer, sensors and actuators, and is veriﬁed
in simulation and with practical ﬂight tests. The hardware
simulation results show that the UAV is able to land autonomously
in crosswinds up to 3.6 metres per second, with a landing
accuracy of 3.50 metre in-track and 0.12 metre cross-track.
I. INTRODUCTION
There is an increasing number of commercial opportunities
for UAVs in business (aerial photography, speed courier ser-
vices), agriculture (surveying, crop inspection, crop dusting,
farm security), industry and mining (power line inspection,
prospecting), the emergency services (disaster monitoring,
delivery of emergency supplies, ﬁreﬁghting) and security
services (surveillance, policing). However, a major barrier to
the commercialisation of unmanned aircraft is the certiﬁcation
process. Before UAVs can be operated in civil airspace, they
must ﬁrst pass a rigorous certiﬁcation process to prove that
they will operate safely. One of the key enabling technologies
required for the certiﬁcation and eventual integration of intelli-
gent unmanned aircraft into commercial airspace is automated
take-off and landing.
Autonomous landing systems are currently researched glob-
ally by various institutions for different applications. Cho
et al. [4] developed a system using only a single-antenna
GPS receiver, implementing differential GPS (DGPS) for
increased accuracy in position information. The only extra
sensor used was for airspeed via the pitot tube, as accurate
airspeed measurements are very important during the landing
phase. Lo´pez et al. [8] presented a paper on the differences
between H∞ and quantitative feedback theory techniques that
should be robust against wind disturbances and control the
altitude accurately. They found that controllers designed by
both techniques guaranteed robust stability and attenuated
high frequency noise due to sensors supplying suitable control
signals. Masuko et al. [9] opted to use visual feedback, using
a small Linux ARM computer running OpenCV. The high
velocity of the aircraft resulted in blurred images taken by the
camera which could not be processed fast enough to ensure
safe landing.
Akmeliawati and Mareels [1] presented a non-linear energy-
base control method (NEM) based on passivity-based control
techniques similar to TECS. The difference between their
technique from TECS was that the non-linearity of the system
dynamics were directly taken into account, where the aircraft
dynamics are expressed in Euler-Lagrange equations of motion
derived from the energy equations. In [2], they extended the
NEM technique by further exploiting the inherent time scales
of the dynamics using a singular perturbation technique to sim-
plify the overall design. The aircraft is treated as a single point
mass while disregarding the fast pitch and elevator dynamics.
The system conforms to the Lyapunov stability criteria, and
good stability and performance were achieved during Monte
Carlo simulations. Looye and Joos [7] used multi-objective op-
timisation to design a controller with the purpose to synthesise
the free parameters (gains, time-constants) in these controller
functions by using parameter weighting, sequentially expanded
to the simultaneous optimisation of all functions. The system
was successfully ﬂight tested, however the glide slope and
disturbance rejection criteria did not work to full satisfaction.
This paper focus on a simpler design using accurate sensors,
mainly the NovAtel DGPS system operating in ALIGNTM
mode to provide very accurate position measurements. The
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Fig. 1. Photograph of a Phoenix Trainer 60, the model aircraft used in this
project.
simpler design introduces fewer modelling errors and speeds
up the design process and testing iterations while keeping
functionality. The end goal of the project is to make the UAV
capable of landing on a moving platform, such as a naval
vessel.
II. MATHEMATICAL MODELS
To design and test the system in simulation, a model is
required representative of the aircraft, avionics, and environ-
mental factors. The models used are discussed below.
A. Aircraft
The aircraft model used is explained thoroughly in [5] using
the standard North-East-Down convention for inertial space
and Euler-3-2-1 angle conversions. The model includes
1) forces and moments, which include the aerodynamic,
engine/thrust, and gravitational models; and
2) six degrees of freedom equations of motion, which
includes the kinetic and kinematic models.
The model aircraft used is a Phoenix Trainer 60, modiﬁed
with custom sensors and actuators. The aircraft will be ﬂown
by the autopilot system, but a safety pilot can assume control
if required. An illustration of the vehicle is shown in Fig. 1.
B. Wind Model
With the focus on landing during windy conditions, the
Dryden and Von Ka´rma´n wind models, as presented in military
standards [10] and [11], were implemented in simulation to
more accurately reﬂect wind conditions and the effect thereof
on the aircraft. These include models for
1) turbulence: the irregular forces and moments acting on
the aircraft caused by chaotic winds;
2) shear: the variation in wind velocity caused by difference
in altitude; and
3) gusts: shorts bursts of high velocity wind.
C. Sensor Models
To reﬂect inaccuracies in the on-board measurements sys-
tems, models of the sensors used on-board the model aircraft
are implemented to include noise on the measurements they
provide. These include models for
1) 3-axis magnetometer;
Fig. 2. Side view of the ﬂight path during the different states of landing.
2) 3-axis gyroscope;
3) 3-axis accelerometer;
4) global positioning system (GPS); and
5) pressure sensor (pitot tube).
III. CONTROL SYSTEM DESIGN
The design of the controllers has seen continuous adapta-
tion throughout the project. The controllers implemented are
explained in their respective sections below.
A. Landing Controller
The airﬁeld where the system will be ﬂight tested has
obstacles in the runway path that may threaten safe ﬂying
conditions. To circumvent this, a ﬂight path is proposed as
illustrated in Fig. 2. After ﬂying at h2 = 20 m altitude until
sufﬁcient obstacle clearance is achieved, a ramp starting at
a lower altitude will be commanded at a ﬂight path angle
of γ1 = 3.5◦ until the touchdown point. This sequence is
activated d1 = 200 m before the touchdown point so that the
ramp initial altitude is h1 = 12.23 m. This method is proposed
because the aircraft cannot be trimmed to a much steeper angle
while keeping low airspeed. The aircraft is thus allowed to
reduce altitude as fast as possible to reach the region in which
it can be successfully trimmed to the landing conditions. Since
the end goal of the project is landing on a moving platform, the
ﬂare procedure is omitted and the landing executed similarly
to real pilot touchdowns when landing on naval vessels. Upon
touchdown, a safety pilot will assume control of the aircraft
and bring it to a halt as runway taxiing is outside the scope
of this project.
The trim airspeed was chosen at 16 m/s, which is well above
the aircraft’s stall speed of approximately 12 m/s and therefore
deemed safe. The low glide slope may reduce landing accuracy
as shown in predecessors of this project, [3] and [13].
Two other methods are also proposed to apply course
correction for both a stationary and moving touchdown point.
The ﬁrst uses proportional navigation techniques to supply
longitudinal reference signals to regulate the line-of-sight
angle between the aircraft and the touchdown point. The other
uses touchdown point estimation and trigger re-planning of the
glide path when the error would be out of predeﬁned bounds.
As the system is still under development, these techniques will
not be discussed further in this paper.
B. Longitudinal Controller
The concept of an energy controller was pioneered and
patented by [6] in 1985. The main purpose of this controller is
1st
Fig. 3. Simpliﬁed Total Energy Control System concept with the pitch control
inner loops replaced by a Normal Speciﬁc Acceleration Controller.
to balance the kinetic and potential energy of the aircraft with
an integrated and simpliﬁed control system architecture, using
the throttle to control the aircraft’s total energy error and the
elevator to control the energy distribution error between ﬂight
path and airspeed. The explanation below is illustrated by the
simpliﬁed block diagram of the TECS architecture in Fig. 3,
with all parameters designed in a heuristic fashion.
The aircraft’s total energy E can be expressed by
E = mgh+
1
2
mV 2 (1)
which is the sum of the potential and kinetic energy compo-
nents, where m is the aircraft’s mass, g is the gravitational
acceleration, h is the altitude of the aircraft, and V is the
velocity. By assuming a constant weight of W = mg, Eq. 1
can be rewritten and time-derived to form
E˙ = W
(
h˙+
V V˙
g
)
(2)
Using the small angle approximation, the ﬂight path angle γ
can be calculated as
γ =
h˙
V
(3)
Substituting Eq. 3 into Eq. 2 and scaling the result by V , a
velocity normalised energy rate equation is obtained, yielding
E˙
V
= W
(
γ +
V˙
g
)
(4)
This reveals that, at a given airspeed, the rate of change of
the aircraft’s energy is dependant only on the ﬂight path angle
and longitudinal acceleration.
The second law of Newton, F = ma, is used to express the
longitudinal motion of the aircraft as
W
g
V˙ = T −D +W sin γ (5)
where T is the total thrust applied and D is the total drag. By
again assuming a small ﬂight path angle, the equation can be
rewritten as
W
(
γ +
V˙
g
)
= T −D (6)
This resembles Eq. 4, concluding that the rate of change of
the aircraft’s energy is proportional to the difference between
thrust and drag. The required thrust can then be written as
Treq = W
(
γ +
V˙
g
)
+D (7)
=
E˙s
V
+D (8)
where E˙s is the speciﬁc energy rate of the aircraft.
At a speciﬁc thrust level, it is possible to exchange ﬂight
path angle and acceleration by only using the elevator. To drive
the aircraft’s current ﬂight path angle and longitudinal accel-
eration towards desired reference values, it becomes apparent
that a ﬂight path and speed control concept is obtained in the
form of total speciﬁc energy rate, given as
E˙s = γ +
V˙
g
(9)
where subscript  denotes the error between the reference and
measured signal values. The elevator is to be driven until the
energy rate distribution error
D˙ = −γ + V˙
g
(10)
relative to the target ﬂight path and acceleration is zero. The
speciﬁc energy rate error is used directly in the computation
of the thrust command δT , and the energy rate distribution
error is similarly applied to the elevator command δE .
In most cases, it is desired to command the aircraft altitude
and airspeed rather than the ﬂight path angle and acceler-
ation. To realise this, two outer loops of both proportional
control are implemented in the design with gains Kh and
Kv for altitude and airspeed which produce climb rate and
acceleration commands, respectively. The climb rate command
can also be given directly instead of being determined from
the altitude controller, resulting in three operational modes
to change aircraft altitude—ﬂight path angle, climb rate or
direct altitude commands. The gains Kv and Kh are selected
to have equal values to provide identical altitude and airspeed
dynamics. In essence, they determine the error decay time
constants in the altitude and airspeed responses. Using these
control mechanisms, the altitude and speed errors are now
scaled in relative energy terms.
In the classic TECS, the result of the energy distribution
rate controller is used as a pitch angle command, which feeds
a Pitch Angle Controller with proportional gain Kθ. This in
turn feeds a Pitch Rate Damper with proportional gain Kθ˙,
which ﬁnally produces the elevator command. In addition to
the default TECS, a climb rate feed forward was added in
the climb rate loop to ensure that the correct sink rate was
maintained upon landing. The Pitch Angle Controller and
Pitch Rate Damper loops were replaced by a Normal Speciﬁc
Acceleration (NSA) Controller which more directly controls
the angle of attack of the aircraft. The proportional segments
of the controllers were also fed from the error signals rather
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Fig. 4. Simpliﬁed block diagram of the lateral controllers with the Cross-
Track Error Controller expanded and the Dutch Roll Damper omitted.
than pure measurements to improve damping. The simulation
results are discussed in Sec. IV.
Advantages of the TECS are that there are now a multitude
of possible reference signals which all share the same archi-
tectural inner loops, and that a change in airspeed reference
does not signiﬁcantly inﬂuence the ﬂight path angle and vice
versa. A clear disadvantage is the challenging design method,
although this was overcome by separating the terms of the
speciﬁc energy and energy distribution signals, treating one as
the reference and the other as a disturbance, allowing for a
root locus design.
C. Lateral Controllers
The navigation system uses a waypoint structure of con-
nected straight line segments. To allow for curved turns, which
should yield a better transient response, the aircraft was guided
to a new destination waypoint before reaching the current
one. This caused a problem in the Cross-Track Controller, as
the proportional part will overpower the derivative part at the
chosen trim velocity, causing a turn in the wrong direction.
To correct this problem, it was decided to implement two
controllers which would run in tandem—a less aggressive
Heading and Guidance Controller for when the aircraft is far
from the waypoint track, and a more aggressive Cross-Track
Controller for when the cross-track error is small. A simpliﬁed
block diagram of the combined controllers is shown in Fig. 4.
The strategy of the controllers are discussed in their respective
sections below. All gains were designed using the root locus
method. Simulation results are discussed in Sec. IV.
1) Dutch Roll Damper: The Dutch Roll Damper simply
feeds back the aircraft’s yaw rate though a high-pass ﬁlter
with a proportional gain, which feeds the rudder to produce
artiﬁcial damping. The high-pass ﬁlter constant is chosen as
to not prevent constant turn rate motions. This controller is
common to the Heading and Guidance and the Cross-Track
Controllers.
2) Roll Angle Controller: The Roll Angle Controller (RAC)
is a simple proportional-integral controller that generates an
aileron command given a roll angle error. It is designed for
optimal damping and is also common to the Heading and
Guidance and the Cross-Track Controllers, with both these
controllers feeding the RAC directly.
3) Heading and Guidance Controllers: The Heading and
Guidance Controller is a somewhat slow controller and is used
to guide the aircraft back to the current waypoint track when
very far away. The Heading Controller inner loop generates a
roll angle command φref proportional to the heading error
ψ. The roll angle command then causes a heading rate,
causing the heading to change. The heading error is wrapped
to always act on the smallest error angle to prevent turning in
an inefﬁcient direction. The Guidance Controller outer loop
generates a heading angle command ψref proportional to the
cross-track error y. The heading angle command then causes
a cross-track error rate, causing the cross-track error to reduce.
4) Cross-Track Error Controller: The Cross-Track Con-
troller feeds the RAC directly, thereby reducing the time-
scale separation which is present in the Heading and Guidance
Controller, allowing for a signiﬁcantly faster transient response
as well as zero steady-state error. Both these controllers supply
the RAC with a roll angle reference, and a state machine
switches between the two.
This controller is designed as a proportional-derivative con-
troller, but has an additional limited integrator included. The
commands generated are:
1) proportional, obtained by multiplying the cross-track
error y by a factor KP ;
2) derivative, obtained by multiplying the cross-track rate
y˙ by a factor KD. The cross-track rate is used rather
than the error rate to avoid a signal spike when changes
in reference are given; and
3) integral, obtained by multiplying the integral of the
cross-track error y by a factor KI . The bias in the roll
angle measurement causes a steady-state error in the roll
angle control which manifests as a lateral acceleration
disturbance from the viewpoint of the Cross-Track Error
Controller. The limited integrator in the Cross-Track
Controller rejects this constant disturbance, achieving
zero steady-state error in cross-track.
The produced roll angle reference, the sum of the three
commands, are then fed directly to the RAC.
Switching from the Heading and Guidance Controller to
the Cross-Track Error Controller takes place when the aircraft
is within a certain distance from the track. However, if the
aircraft moves too far away from the track of whatever reason,
control is given back to the Heading and Guidance Controller
to return to the correct course.
IV. NON-LINEAR SIMULATION
To evaluate the system performance in a rapid-testing en-
vironment, software-in-the-loop (SIL) features were added to
the simulation to allow running the same code that would be
executed on the on-board micro-controller unit. After initial
testing showed positive results, the system was implemented
on the physical hardware to allow for hardware-in-the-loop
(HIL) simulations.
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Fig. 5. Dual-mode lateral controller response on the intended waypoint track.
In the simulation, the on-board computer and extended
Kalman ﬁlter are initialised on the touchdown point on the run-
way, after which a manual take-off is performed. The autopilot
is activated and go-arounds are performed to test the regulation
of altitude, airspeed and track navigation. After sufﬁcient
go-arounds, the landing command is given and the aircraft
continues to ﬂy the circuit with the landing sequence started
when the ﬁnal waypoint and approach points are reached.
The aircraft follows the landing states and touches down on
the runway as illustrated in Figs. 5–6. It was subjected to
turbulence and an east-to-west crosswind of 10 km/h, which
is over 17% of the ﬂight speed.
TECS regulates the altitude to within a 1.0 m error, barely
losing altitude when rolling at angles of up to 30◦. However it
does increase the airspeed by up to 10%, exchanging potential
energy for kinetic energy. For the straight legs, it can be seen
that the cross-track error is reduced to zero shortly after the
system is switched from the Heading and Guidance to the
Cross-Track Error Controller. The early waypoint switching
method works to satisfaction, providing a better transient re-
sponse similar to the non-linear guidance method as proposed
by Park [12] and implemented by Alberts [3]. A noticeable
effect is observed when the aircraft is subjected to a tailwind,
which causes loss of lift force and increases waypoint track
overshoot.
The simulations showed 95% conﬁdence in landing within
3.50 m in-track and 0.12 m cross-track, which is 1.75 and 0.06
wingspan, respectively. Although the longitudinal accuracy is
good for landing on a ﬁxed runway or large naval vessel, it
still needs improvement to obtain an accuracy better than 0.5
wingspan to land on a moving platform during a practical
ﬂight test. To improve the longitudinal accuracy, the landing
strategy will be revised and complemented by proportional
navigation techniques. The lateral accuracy is exceptional for
such a small aircraft in light wind conditions and do not need
any further improvement.
V. CONCLUSION
This paper presented the implementation of concepts that
would allow a UAV to successfully land with acceptable
accuracy in crosswind conditions using total energy control
and an aggressive cross-track control system.
A modiﬁed landing sequence, controlled by a software state
machine, was presented to allow for a ﬂight-testable landing
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Fig. 6. TECS altitude regulation and landing sequence.
on a runway with hazards. Longitudinal performance in TECS
shows good control during the circuit navigation and landing
phases, even with high roll angle references given by the lateral
controllers. Upon landing, the system does achieve the correct
sink rate as well as a positive pitch angle. Lateral performance
with the combination of the Heading and Guidance Controllers
and the Cross-Track Controller can be considered exceptional
and further improvements are not required, as the landing error
is almost zero under acceptable disturbances.
Further work would include attempting to increase longi-
tudinal accuracy by incorporating proportional navigation or
estimation and re-planning methods. This is not only beneﬁcial
to a runway landing, but also to a landing where the touchdown
point is moving. The system is currently being subjected to
further HIL simulations in preparation for ﬂight tests, which
should yield more results on practical feasibility.
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